Abstract: Measurementsof thenonlinear wave field produced byaphased, eight-elementmnularamay arepresentd. Thesource signal is typicallya 10-cyclesine wave tone burst with acenter frequencyof5~kHz. Theouter diameterof the array is 0.14 m, and the surface areas of the elements are equal. The focused beam computed from the linear summation of measured signals from individuals elements under-predicts the actual peak pressures generated by the array. This discrepancy is due to the use of linear superposition to form a nonlinear beam.
INTRODUCTION
To date, efforts to model nonlinear wave propagation from a bounded beam source have chiefly been concerned with unfocused and weakly focused circular piston sources (1, 2) . However, little has been reported on nonlinear wave propagation from an annular array of sources phased to forma focused beam, We examine when linear superposition is a reasonable approximation to fully nonlinear propagation, that is, we seek to determine the applicability of linear beamforrning to the production of nonlinear (shocked) beams. To achieve this, we consider two distinct cases. First, we individually drive the array elements and measure the resulting pressure in the focal plane, which may or may not be shocked depending on the source level. From this, we linearly sum the measured (nonlinear) waveforms to generate the "total" waveform, a process that we term quasilinear beam forming. This is then compared with the waveform that is measured with all elements driven simultaneously, a process which is fully nonlinear.
EXPERIMENTAL APPARATUS
The measurements were perfomed in a 0.58-m x 0.58-m x 0.6 l-m high Plexiglass water tank. The tank was filled with filtered water and three stepper-motor controlled slide rails were employed to allow positioning of a hydrophore within a 0.3-m x 0.3-m x 0.3-m volume within the tank. A O.14-m diameter eight-element annular array (1-3 piezocomposite), mounted to the tank wall, served as the acoustic source (center frequency= 480 kHz and -3 dB BW = 420 kHz), The input signals for the eight elements were generated by eight Markenrich WAAG III 8-bit~-D/A computer boards. The output from each WAAG Hf was fed into a variable attenuator followed by an ENI A 150 power amplifier.
Transient wavefoms were measured with a calibrated, l-mm active element PVDF membrane hydrophore (Sonic Industries). Calibration was achieved using the substitution method, where the reference standard was a Marconi bilaminar membrane hydrophore (traceable to Nat. Phys. Lab, UK). The output signal was amplified (Panametrics) and digitized (Lecroy 9450 digital oscilloscope; 8-bit, 400 MSample/see). Recorded voltage signals from the oscilloscope were then downloaded to a computer over GPD and analyzed off-line.
EXPERIMENTAL PROCEDURE
Prior to any measurements, the tank water was circulated through a monobed deionizer and a 0.2-pm particle filter and degassed to c85Y0 of saturation. Two procedures were performed to determine the location of the hydrophore relative to the acoustic axis and the face of the array. First, the output from the innermost piston element was measured 30 cm from the face of the transducer and over a 4 cm2 area in the plane normal to the acoustic axis. The location of peak pressure was referenced as the acoustic axis of the array. After that, two measurements were made a distance 20 cm apart along the acoustic axis while noting the differential travel times.~is yielded the sound speed, and subsquent hydrophore axial locations were then calculated from the measured times of flight.
Measurements began by assigning an output waveform pulse to one or all of the array elements. The typical waveform was a 10-cycle sine wave tone burst which is output with a 100 Hz pulse repetition frequency. The hydrophore was then moved under computer control along the acoustic axis of the array at 4 cm intervals between 4 cm and 32 cm from the transducer face. At each location the measured waveform was averaged 150 times with the oscilloscope, downloaded to the computer, and saved to disk.
Measurements were made for each element driven individually and with all elements driven simultaneously for unfocused and focused configurations. Focused measurements were performed by introducing a time delay for each element which accounted for the increased time of flight between a given element and the focal spot. Fig. 1 is the waveform measured with the center element driven alone along with the resulting waveform obtained from both quasilinear and fully nonlinear beamforrning using 7 elements. The face pressure for each element was 0.5 MPa and measurements were made on the acoustic axis, 24 cm from the face of the amay. Note the presence of nonlinearity in the single-element waveform; this was representative of the pressure waveform produced at 24 cm by every elements when driven individually. When linearly summed, the resulting waveform (dashed line in Fig. 1b) shows little evidence of shocking, which is to be expected given the modest nonlinearity evident in Fig. la. However, note that when all 7 elements are driven in unison, the resulting waveform (solid line in Fig. lb) is noticeably steepened and the peak positive pressure exceeds that predicted using the quasilinear bearrsfomer by almost 70%. It was observed that this difference increased with increasing source level, and is a clear indication of the limitations of linear superposition as a means for predicting nonlinear beams formed from discrete acoustic arrays. 
RESULTS
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CONCLUSIONS
When attempting to form acoustic beams from phased arrays at pressure levels consistent with nonlinear propagation, the use of linear superposition to form beams can result in errors in the predicted steepness of the wave as well as in the peak positive pressure in the focal plane. An accurate prediction of the wave shape and amplitude requires the use of a fully nonlinear propagation theory.
